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INTRODUCTION The l o c a l i s a t i o n of s t a t e s , which i s s p e c i f i c t o random systems, i s e s s e n t i a l f o r understanding t h e e l e c t r o n i c p r o p e r t i e s of n o n -c r y s t a l l i n e m a t e r i a l s . Much of t h e
work on t h i s problem have been done i n models i n which a s i n g l e band i s assumed. I f , however, we t u r n t o non-simple bands such a s a semiconductor with valence and conduction bands, o r a h y b r i d i s e d s-d systems, t h e l o c a l i s a t i o n due t o randomness gives r i s e t o even more f a s c i n a t i n g e l e c t r o n i c s t r u c t u r e . I n t h e p r e s e n t paper, we e l u c i d a t e t h e c h a r a c t e r i s t i c n a t u r e of l o c a l i s a t i o n i n t h e two-band systems, and show t h a t t h e i n t e r e s t i n g f e a t u r e s a r i s e from an i n t e r p l a y of b a s i c band s t r u c t u r e and t h e e f f e c t of randomness.
I n p a r t i c u l a r we emphasize t h e important e f f e c t of inter-band mixing, which can d r a s t i c a l l y a f f e c t t h e c h a r a c t e r of eigens t a t e s . W e i n v e s t i g a t e d t h e e i g e n s t a t e s by numerically d i a g o n a l i q i n g t h e model Hamiltonian f o r l a r g e systems. W e a l s o used t h e decimation f o r real-space renormali$ation developed by t h e p r e s e n t author [I] t o analyse t h e e l e c t r o n i c s t r u c t u r e diagrammatically.
FORMULATI ON
I n a two-band model, t h e Hamiltonian i s w r i t t e n i n t h e tight-binding form a s where li> i s a Wannier s t a t e a t i -t h s i t e , ~i l ' i s t h e energy of t h e u-th o r b i t a l a t i , and V i j u v i s t h e t r a n s f e r energy between u-th o r b i t a l a t i and V-th o r b i t a l a t j . The band mixing i s determined by ciAB and vijAB. To be s e c i f i c we adopt r e c t a n g u l a r d i s t r i b u t i o n s of random q u a n t i t i e s such t h a t ciA, ciE and E i A B a r e d i s t r i b u t e d with widths WA, WB and WAB centred a t -Eo/2, E / 2 and EAB, r e s p e c t i v e l y .
For s i m p l i c i t y we assume t h a t vijAA = VA, vijBB = VB, VijgB = 0 f o r n e a r e s t neighbour ( i , j ) . The unperturbed band s t r u c t u r e i s determined by VA, Vg and Eo. W e study h e r e two t y p i c a l cases: I n t h e f i r s t model we took -VA = VB = V = 1.0 and Eo 2ZV w i t h c o o r d i n a t i o n number Z , which r e p r e s e n t s a semiconductor with a d i r e c t gap a t r p o i n t . I n t h e second model we have a narrow band embedded i n a
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981407 (b) The mixing of s t a t e s due t o inter-band e f f e c t s i s schematically shown. The shaded region i n the density of s t a t e s , D, corresponds t o locali'sed s t a t e s i n the absence of inter-band mixing, H~~, wide band with VA=-5.0, VB=-1.0 and Eo%O, which represents a hybridised s-d system as another prototype of two-band l o c a l i b a t i o n . The importance of the inter-band mixing i s r e a d i l y seen, s i n c e the amplitudes of the A and B band components, a i and b i respectively, a r e governed by coupled equations of motion derived from t h e Hamiltonian (1). I n f i g u r e 1 we show t h e mixing of the two-band components due t o inter-band e f f e c t s by both diagrams and density of s t a t e s .
RESULTS
The Hamiltonian (1) i s expressed as a 2Nx2N matrix, where N i s t h e t o t a l number of s i t e s . Here we took 2N=512 corresponding t o a 16x16 square l a t t i c e with p e r i o d i c boundary conditions i n both x and y d i r e c t i o n s . For each sample t h e random matrix elements a r e generated according t o t h e d i s t r i b u t i o n above. W e obtained t h e eigenvalues and e i g e n s t a t e s by diagonalysing t h e matrix. Each e i g e n s t a t e i s a l i n e a r combination of A and B components as One of the most conspicuous r e s u l t s i s t h a t t h e r e i s a s i g n i f i c a n t c o r r e l a t i o n i n t h e A and B components f o r an e i g e n s t a t e . This i s b e s t expressed as a c o r r e l a t i o n function, where R~~-I R~-R~! , angular brackets stand f o r an average over constant R;j and K
r l y seen t h a t K has a sharp peak a t t h e pseudo-gap where the valence and conduction bands merge. This r e s u l t shows t h a t the s t a t e s a r e localiked with a s t r o n g c o r r e l a t i o n between the two-band components i n the pseudo-gap region.
This c o r r e l a t i o n can be explained i21 by a simple perturbation theory i f we regard t h e band mixing as a perturbation. W e can look i t another way when the t a i l s of t h e valence and conduction bands overlap ( f i g . l ( b ) ) . The s p l i t t i n g caused by t h e band mixing produces, i n the zeroth approximation i n t h e degenerate p e r t u r b a t i o n , e i g e n s t a t e s with bonding and anti-bonding characters composed of localibed s t a t e s i n A and B bands. These correlated s t a t e s should have an e f f e c t on physical q u a n t i t i e s such as photoconductivity. 
The e f f e c t of band mixing produces another i n t e r e s t i n g phenomenon i n t h e hybridised s-d model. I n t h i s case, t h e presence of a wide s-band has a d r a s t i c e f f e c t on the narrow d-band. I n t h e case of a s i n g l e d-orbital impurity i n s-band t h e impurity l e v e l becomes a v i r t u a l bound s t a t e C31 with a width % ~< k s l~s d l i d > ! $ D(EF), where D i s the density of s e l e c t r o n s . I n t h e present case, we a r e faced with a much more complicated s i t u a t i o n with a whole d-band which has a locali'sed regime due t o disorder before the h y b r i d i s a t i o n i s turned on. When the band mixing i s turned on, a c h a r a c t e r i s t i c h y b r i d i s a t i o n r e s u l t s . An example i s shown i n f i g u r e 3. I n t h i s
f i g u r e we have p l o t t e d the t o t a l amplitude of the A-band component, A2 E zil a i l 2 , f o r each normali'sed e i g e n s t a t e (2). For a r e l a t i v e l y small band mixing, we have a l a r g e f l u c t u a t i o n i n A2 i n t h e r e g i o n of energy where s and d bands o v e r l a p . This i s a g a i n e x p l a i n e d by a d e g e n e r a t e p e r t u r b a t i o n t h e o r y w i t h t h e band mixing a s a p e r t u r b a t i o n L21. For l a r g e band mixing, t h e z e r o t h o r d e r wavefunction i t s e l f i s determined by t h e band mixing, and we have a smoother dependence of A2 on energy ( f i g u r e 3 (b)) .
DISCUSSION
The e l e c t r o n i c s t r u c t u r e r e v e a l e d above comes b a s i c a l l y from t h e diagrammatic s t r u c t u r e shown i n f i g u r e 1. The decimation method of r e a l -s p a c e r e n o r m a l i s a t i o n developed by t h e p r e s e n t a u t h o r proved t o b e q u i t e powerful i n a n a l y s i n g a v a r i e t y of systems i n c l u d i n g non-simple systems L41 a s w e l l a s u s u a l two o r t h r e e dimens i o n a l systems [ l l . By t h e decimation t r a n s f o r m a t i o n , t h e system can b e regarded a s an assembly of t h e s i t e s w i t h a l a r g e r l a t t i c e s p a c i n g ( f u l l c i r c l e s i n f i g u r e 1) i n t e r a c t i n g v i a e f f e c t i v e i n t e r a c t i o n s . The e f f e c t i v e i n t e r a c t i o n , V i j u v ( n ) , can b e expressed i n terms of t h e l o c a t o r expansion f o r t h e Green f u n c t i o n . A n e a t way of e x p r e s s i n g t h e decimated Hamiltonian can b e d e r i v e d i n which t h e o r i g i n a l e q u a t i o n f o r t h e Green f u n c t i o n , (E -H + i 6 ) G = 1, i s reduced i n t o w i t h K E E-H+i6. The s u f f i c e s f o r K s t a n d f o r t h e p a r t of t h e m a t r i x r e p r e s e n t at i o n of K such t h a t (KAB);j = K i j ( i E A , ' j E B ) , e t c , where A (B) i s t h e r e t a i n e d ( e l i m i n a t e d ) s u b s e t of b a s l s i n t h e decimation. I f we t a k e A -o r b i t a l s a s t h e s u b s e t A i n t h e two-band model f o r t h e b a s i s above (v;jAB = O), we have an e f f e c t i v e i n t e r a c t i o n , where GB(E) i s t h e B-band Green f u n c t i o n . T h i s c o n c i s e l y e x p l a i n s why t h e band mixing g i v e s r i s e t o such a d r a s t i c e f f e c t on t h e e l e c t r o n i c s t r u c t u r e , and a l s o shows t h a t t h e l o c a l i s a t i o n and d e l o c a l i s a t i o n of t h e h y b r i d i s e d s t a t e s i n t h e whole energy spectrum a r e determined s e l f -c o n s i s t e n t l y . I f , f o r i n s t a n c~, GB(E) has a s t r u c t u r e of extended s t a t e s , t h i s is r e f l e c t e d i n t h e long-range V ; .~( E ) , thus a f f e c t s t h e A-band, and v i c e v e r s a . This s t r u c t u r e of i n t e r a c t i o n s a l s o a f f e c t s t h e d i s t r i b u t i o n width of renormalised t r a n s f e r e n e r g i e s , which i s g a u s s i a n i n l o g a r i t h m i c s c a l e . 
